Theoretical description of the system
In our 1b diamond sample the NV centre takes the role of the central spin and the electron spins associated with N impurities form the spin bath. A detailed description of the system can be found in the supporting online material of Refs. 11 and 19. Here we just highlight the most important elements of the theory needed to understand the experimental results. We apply a static magnetic field B = 132 G which is aligned along the symmetry axis of the NV centre. The applied static field sets the m s = 0 ↔ m s = −1 transition frequency to 2.5 GHz which is well isolated from the m s = 0 ↔ m s = +1 transition, which is at 3.24 GHz. The m s = 0 and m s = −1 levels can therefore be treated as an effective spin-1/2 system.
The interaction between NV centre and bath spins is governed by magnetic dipolar interaction which in our sample has a strength on the order of a few MHz. Due to the large energy mismatch between central (NV) spin and bath spins mutual flip-flops between bath spins and NV spin are suppressed. In the frame rotating along with the m s = 0 ↔ m s = −1 transition the Hamiltonian describing the free evolution of the NV spin and the spin bath can be approximated bŷ andŜ k z the operators for the z-components of the NV spin and the k-th bath spin respectively. The term H B is the total Hamiltonian of the spin bath which includes the effects of the externally applied magnetic field, local hyperfine interaction with the host N nuclear spin and its internal dynamics due to dipolar coupling between bath spins.
We can model the internal dynamics of the spin bath and its effect on the NV spin using the mean-field approximation (for details and justification see the supporting online material of Ref. 19 and Ref. 34) . In this approximation the back action of the NV on the bath spins can be neglected due to the fact that the NV spin has the same magnetic moment as the spins in the bath and therefore is just one of the many spins the bath spins interacts with. We can therefore replace the operatorB by the c-number B(t) which represents a sample of a random Gaussian Ornstein-Uhlenbeck (OU) process with variance
k . The dynamics of the OU process is described by its correlation function ⟨B(0)B(t)⟩ = b 2 e −Rt with correlation time τ C = 1/R.
As mentioned in the methods section of the main text, bath spins exhibit a strong local anisotropic hyperfine interaction with the host N nuclear spin. The hyperfine coupling mixes the states of the electron and the nuclear spin, but this mixing is weak, because the externally applied magnetic field is larger than the strength of this local hyperfine interaction (≈ 100 MHz). Correspondingly, S z and I z remain good approximate quantum numbers; as the numerical diagonalization of the Hamiltonian (Eq. 1) shows, the deviation of these quantities from their nominal values does not exceed 6%.
More importantly, this mixing does not lead to any incoherent electronnuclear flip-flops, but coherently entangles the electron and the nuclear spins. Correspondingly, the hyperfine flip-flop terms only change the eigenstates and do not induce additional bath dynamics. The timescales on which single experimental runs take place are short (< 50 µs) compared to all singlespin processes for both the nuclear and electron spins such as spin-lattice relaxation 34 and single spin flips resulting from dipolar interactions 11 . The dynamics is therefore completely dominated by by flip-flop processes resulting from the dipolar interaction between electron spins in the bath.
Since reorientation of the nitrogen nuclear spin and JT-axis are unlikely to occur on timescales of a single experimental run the N electron spin bath can be decomposed into several bath groups. Each group contains electron spins which have the same value m I for the on-site N nuclear spin and the same orientation of the anisotropy axis which is set by the JT axis. Flipflops between spins from different groups are strongly suppressed due to the large energy difference between them (>10 MHz) compared to the typical interaction strength between bath spins (few MHz). Each group has its own internal dynamics which can be described by mean-field theory.
2 Magnetic resonance spectroscopy and coherent driven oscillations of the bath spins
Magnetic resonance spectroscopy
Pulses with a length of t p = 200 ns and Rabi frequency of f 1 ≈ 2.5 MHz were used on the RF channel to achieve lower Rabi frequency than the expected linewidth. These experimental parameters reflect the trade-off in achieving equilibrium at the end of the RF pulse, a long free evolution period for the NV spin to get high signal and the limited spin echo decay time of the NV spin.
The theory curve of the magnetic resonance spectroscopy in Fig. 1 All transitions are assumed to suffer from the same inhomogeneous broadening by ≈ 4 MHz as was measured in Fig. 4a of the main text. Since the Rabi frequency is of the same order as the line-width, each point in the theory curve is determined by
with f RF the RF driving frequency, the sensing time τ = 600ns which is given by the delay between the π/2 and π-pulse on the NV spin, b ≈ 3 µs is the total interaction strength between NV and its spin environment. The factor W is there to take into acount the decay due to the limited coherence time T 2 of the NV spin and is given by W = exp
. With the given τ and T 2 = 2.6 µs, W ≈ 0.9. The factor R(f RF ) is the probability that a bath spin with resonance frequency f 0 is found to be flipped after the 200 ns RF pulse and is given by
Coherent oscillations of bath spins
Curves are fit to ∝ e −t/T d cos 2πf 1,i t p to extract the Rabi frequency f 1,i for group i. As the length increases the effective sensing time decreases due to the decoupling of bath spins from the NV spin while bath spins are driven (see Fig. 3b ). Improved fitting can in principle be achieved when these effects are taken into acount but was not done for these measurements, as this was the focus of the experiment described by Fig. 3b .
SEDOR and decoupling by bath control
Pulses are calibrated by performing coherent oscillations of the bath spins at various powers. Especially for group I and V the off-resonant driving of nearby groups (II and IV respectively) prevents a proper calibration at high powers. Supplementary figure S1: SEDOR curves of groups III to V. Gray is the NV spin echo curve which decays ∝ e −(2τ /T 2 ) 3 which is observed for the case that no RF pulses are applied to the bath spins. The colored curves are the SEDOR data which are obtained as described in the main text. They exhibit faster Gaussian decay ∝ e −2τ 2 b 2 i . The parameters b i quantify the coupling between NV spin and bath group i.
(group I and V). SEDOR curves for groups III to V of bath spins are shown in Supplementary figure S1.
The NV spin echo decay in a SEDOR experiment on group i, which is induced by the other groups, will modulate the SEDOR decay shape. However, these modulations can be ignored as its contribution becomes comparable when τ > b 2 i T 3 2 /4. Since b i >> 1/T 2 , the modulation only influences the tail of the SEDOR curves and does not compromise the reliability of the fits.
The π-pulses used in the pulsed RF dynamical decoupling measurements from Fig. 2 are calibrated by driving all groups simultaneously with the same amplitude while varying the pulse length resulting in a 83 ns multifrequency π-pulse. We also dynamically decoupled the NV spin from the spin bath by continuously driving all bath spins with a long multifrequency RF pulse with a length equal to the free evolution time of the NV spin. The result is in Supplementary figure S2a. Each tone in the multifrequency RF pulse drives a single group with a Rabi frequency of 6 MHz.
Rapid oscillations are the result of a detuning δω between the MW driving field and the NV spin transition frequency. The beating is due to the hyperfine coupling with the host N nucleus 19 (H hf = ω hf I z , with I z = 0, ±1 (I z = −1/2, +1/2 and ω hf = 2π · 2.2 MHz (2π · 3 MHz) for 14 N ( 15 N) nuclear spin). The overall signal decays with a Gaussian envelope. The data are well reproduced by the fitting function:
with P k to account for polarization of the N nuclear spin, and b specifies the strength of the interaction between the NV spin and its magnetic environment.
4 Measuring the dynamics of the spin bath
The NV spin as spin bath detector
Coherent dynamics of the spin bath can be monitored by applying RF pulse sequences on the bath spins while using the free precession of the NV spin in an echo sequence to compare the dipolar field before and after the RF sequence; thus using the NV centre as a sensor for detecting the spin bath. The complex reorientation of bath spins under application of complicated multipulse RF sequences will perturb the NV sensor in an undesired way. Therefore the NV sensor must be switched off during application of the RF sequence. This can be achieved by applying an XY 4 or XY 8 dynamical decoupling (DD) sequence 19 , where X and Y denote π Y and π X pulses respectively and
To explain the origin of the signal we analyse a single measurement cycle. At the beginning of the measurement cycle the spin bath is in some randomly polarized state such that it induces a dipolar field δb z,1 along the quantization axis of the NV centre. Taking the sequence from The DD sequence used is the XY4 sequence with τ 1 = 32 ns. The total sensor off time is 400ns and is kept constant for all data points. As a control measurement we perform the same measurement with the exact same MW and RF sequences to NV and bath spins respectively but now we set the sensing time τ s = 0 (blue). For the control measurement the full unperturbed NV echo amplitude is retrieved, verifying that indeed the NV sensor is switched off during the DD sequence.
kept short (τ 1 = 30−50ns compared to T * 2 in order to limit the perturbation of the NV spin during the sensor-off time. That the sensor is indeed switched off is verified in Supplementary figure S3. Note that the motion of the NV spin does not noticeably influence the intra-bath dynamics, since the evolution of each bath spin is determined primarily by the couplings to a large number of other bath spins, which completely overshadow the impact of a single NV spin.
After the RF sequence and the DD sequence end the bath is in a new state and generates a dipolar field δb z,2 . The NV spin will continue to precess again under the influence δb z,2 for a time τ s . Due to the net π rotation the total phase accumulated before and after the Ramsey sequence is then ∆ϕ = gµ B (δb z,1 − δb z,2 )τ s . A final MW π/2-pulse on the NV spin and subsequent optical read-out will then measure the echo of the NV spin ∝ cos(∆ϕ). The NV spin echo amplitude will therefore depend on the correlation between δb z,1 and δb z,2 giving maximum amplitude for a full correlation and minimum amplitude for anti-correlation.
Ramsey fringes of the bath spins
The Ramsey sequence on the bath spins consists of two RF π/2-pulses with a variable delay τ between them (Fig. 4a) . The first π/2-pulse has a phase φ 1 = 0 and rotates the bath spins over the y-axis of the Bloch sphere. The phase of the second pulse φ 2 is varied as a function of pulse seperation τ as φ 2 = 2πf a τ . The phase φ 2 determines the rotation axis of the second RF π/2 pulse and f a therefore acts as an aritficially introduced detuning. The artificial detuning f a replaces the detuning that is applied in an ordinary Ramsey fringe experiment. This has the advantage of generating an oscillating signal while using pulses which are on resonance with the desired transition. The oscillating signal facilitates both the isolation of contributions from multiple transitions by the frequency of the oscillations as well as determining the free evolution decay signal, which is inferred from the loss in contrast of the oscillations.
To simplify the analysis of the signal internal flip-flop processes within a group bath spins is assumed to occur on a timescale much longer than that of a single experimental run. This assumption finds its justification in that the pure dephasing of a bath spin is faster than the decoherence. Furthermore we assume that the bath is unpolarized and its initial state is described by the density matrix ρ B = 2 −N 1 B , where N is the number of bath spins, and 1 B is the the 2 N × 2 N identity matrix. The total signal measured on the NV spin is S N V = 2 −N F (τ )
where Tr B is the trace over bath spins andB is defined as in section 1.
]R φ 2 ,B describes the evolution during the applied Ramsey sequence with initital RF pulse R φ 1 ,B with phase φ 1 = 0, free evolution time τ and final RF pulse R φ 2 ,B which is phase-shifted by φ 2 = 2πf a . Evolution of the NV spin is frozen by the dynamical decoupling sequence.
The operatorsR φ 1 ,B andR φ 2 ,B are both products of single-spin rotations of different bath spins, and the rotation axis/angle are determined only by the group they belong to. The unnormalized signal
where U B (τ ) = exp
and whereM
Next, we make the assumption that the evolution of the bath under the action of the HamiltonianĤ B can be described in a mean-field manner. Accordingly, we takeĤ B = Σ kŜ k z B k , whereŜ k z is the z-operator of the of the k-th bath spin. The local field B k acting on the k-th bath spin is described as a random Gaussian field, with the mean ∆ i and width b k , and the local fields at individual bath spins are assumed to be independent. The value of ∆ i is equal to the detuning between the RF pulse carrier frequency and the resonance frequency of the group i that the k-th bath spin belongs to. On the contrary, the width b k is different for different bath spins also within a group, and depends on the details of the local environment of the k-th bath spin 35 .
In this mean-field description
The parameters A k i,n are determined by the details of the single qubit rotations induced by the second RF pulse. These parameters depend on which group the k-th bath spin belongs to, since they depend the detuning ∆ i of group i with respect to the RF pulse carrier. These can in principle be determined numerically if the exact pulse shape is known. Similar parameters C k i,n can be defined for the first RF pulse. The two sets of parameters C k i,n and A k i,n allows one to take into account the off-resonant driving of other groups. We note that if the k-th bath spin belongs to a group which has a resonance frequency which is far detuned from the RF pulse carrier the effect of the RF pulses is negligible and the operatorsN k z =M k z =Ŝ k z . In this case, the k-th bath spin therefore does not contribute to the signal.
The unnormalized signal after averaging over the local fields then becomes
where
In the experiments of Fig. 4a Ramsey fringes for group I and II are measured. For the analyses of the signal we only include the contributions of bath spins which have ∆ i close to the RF pulse carrier. This means we only take into account the off-resonant driving of group II when pulsing on group I and vice versa, and ignore contributions from all other groups.
Equation (S9) then shows that the signal contains contributions from both groups which oscillate at different frequencies 2πf a +∆ i . The amplitude parameters will change only the amplitude and phase of the oscillations. The quantities of interest are the decay rates of the fringes. By averaging over all bath spins we will average over many Gaussian distributions with different widths b k and will result in a Lorentzian decay of the Ramsey fringes 33 ∝ exp (−Γτ ). The signal will become
Since W i are small, we can approximate eq. (S12) with the simpler fitting functions
Now, we note that any given spin belonging to a given group is decohered in a similar way by the dipolar field generated by all groups in the spin bath. Indeed, the back-action of any spin on the rest of the bath is negligible (see Supplementary materials of Ref. 18). Thus, the statistical properties of the dipolar field acting on any bath spin in the sample are similar. The decay constant Γ i = 1/T * 2,i is therefore related to the density n of bath spins which, for a dilute spin bath, is given by 36
To extract the two decay constants for both groups Γ I and Γ II both datasets from Fig. 4a were processed simultaneously in the least squares fitting for better accuracy.
Spin echo sequence on the bath spins
To observe spin echo decay of the bath spins a three pulse echo sequence (see top Fig. 4b ) is used. Similar to the Ramsey fringe experiments, the phase of the final read-out pulse is varied as a function of the total free evolution time in order to clearly identify the contrast of the echo and its decay. Fitting is done to ∝ e −τ /T 2,i cos 2πf a τ to extract the decay constants T 2 , i of the spin echo f0r bath group i. For the spin echo measurements the effects of off-resonant driving of other groups are of less importance due to the ineffectiveness of the refocussing π-pulse when it is far detuned and are therefore assumed to be negligible.
Correlation time of the spin bath
We consider first the protocol for measuring the correlation time of the environment as a whole. The protocol is very similar to that for measuring stimulated echoes 21 and works as follows. We start with a π/2 pulse on the NV center, which is assumed to be perfect. Then, there is a free evolution for the time τ s , after which the XY4 DD sequence on the NV center is applied for time T (referred to as the "sensor off-time" in Fig. 4c ). As in the previous measurements, the evolution of the NV spin during the DD period corresponds to a full π rotation. During the sensor off-time T , the bath freely evolves and flip-flip processes within the bath will change the statistical polarization of spins surrounding the NV spin. After time T the DD sequence ends and another period of free evolution of the NV spin of duration τ s follows. Finally, another ideal π/2 pulse is applied to NV center, and its state is read out. The measured signal is proportional to
the operatorẐ is simplyẐ
Therefore, the unnormalized signal, the quantity F , can be written as
whereB(T ) = exp [iTĤ B ]B exp [−iTĤ B ]. Within the mean-field approximation, we replace the operatorB by the effective dipolar field B(t), which is a random Ornstein-Uhlenbeck (OU) process with rms b and the correlation time τ C = 1/R. In case of τ s ≪ τ C , we can take the field B(t) as static during both intervals τ s . Correspondingly, taking into account normalization, the measured signal is
where the angular brackets denote the average over the OU process. To calculate the average, we take into account that for a Gaussian random process B(t), the characteristic functional can be calculated explicitly 
